Abstract. The purpose of this study was to investigate the contribution of the microstructural properties of trabecular bone in predicting its elastic modulus in the intertrochanteric region. A total of 15 trabecular bone core specimens were obtained from the proximal femurs of patients undergoing total hip arthroplasty. The micro-computed tomography (micro-CT) was used to scan each specimen to obtain micro-morphology. Microstructural parameters were directly calculated using software. Micro-CT images were converted to micro-finite element model using meshing technique, and then micro-finite element analysis (FEA) was performed to assess the mechanical property (Young's modulus) of trabecular bone. The results showed that the ability to explain this variance of Young's modulus is improved by combining the structural indices with each other. It suggested that assessment of bone microarchitecture should be added as regards detection of osteoporosis and evaluation of the efficacy of drug treatments for osteoporosis.
Introduction
Osteoporotic hip fracture is the worst complication of osteoporosis, resulting in significant morbidity and mortality [1] . It has been shown that the trabecular microstructure is closely associated with biomechanically determined bone strength, which has a substantial effect on fracture risk [2] . Traditionally, trabecular structure has been assessed using a 2-D analysis of histomorphometry sections, which is destructive and is difficult to reflect 3-D microstructural properties. Moreover, the direct assessment of the mechanical properties of cancellous bone from mechanical experiments is subject to large errors and significant uncertainties, mostly due to the small sample sizes and the relatively large length scales of the non-homogeneities [3, 4] .
Recently, high-resolution microcomputed tomography (µCT) reconstruction of trabecular bone has been introduced to noninvasively assess the bone microstructure in three dimensions [5] . Furthermore, based on the µCT images, micro-structural finite element models (uFEM) can be created to simulate real mechanical tests, and to evaluate the elastic properties of trabecular bone specimens, thereby eliminating experimental artifacts [6] . The objectives of this study were to: (1) apply high-resolution imaging techniques in combination with new computer modeling techniques to quantify 3-D microstructural and biomechanical properties of trabecular bone in the intertrochanteric region; (2) investigate the contribution of trabecular bone microstructure to predicting its mechanical properties, such as Young's modulus.
Materials and methods
Trabecular bone samples were obtained from 15 patients undergoing total hip arthroplasty. There were 6 men and 9 women with a mean age of 61.4 ± 16.4 years. A 10 mm internal diameter cylindrical saw was used to take the bone core biopsy from the intertrochanteric region of the femur. All specimens were scanned with a high-resolution µCT system (Skyscan 1072, Belgium) at a spatial resolution of 21.31µm. From the resulting voxel data, a rectangular volume of interest (VOI) was selected at a side length of 5 mm and height of 10 mm. After segmenting bone tissues from marrow, with the µCT scanner's built-in software (ANT, SKYSCAN, Belgium), the following three-dimensional microstructural parameters, bone volume fraction (BV/TV), trabecular number (Tb.N), thickness (Tb.Th) and separation (Tb.Sp), structure model index (SMI), and degree of anisotropy (DOA) were calculated using direct structural analysis techniques described by Hildebrand and Ruegsegger [7] .
To limit the computational requirements of the FE analyses, the µCT voxel data were resampled at an isotropic size of 80 um, and then imported into the software (BIONIX, Cantibio, Suwon, Korea), in which voxels with a gray-scale value beyond a specified threshold level were converted to into hexahedron-based FE meshes FE models using previously published code [8] . The threshold is chosen such that the best possible agreement between the BV/TV in the FE-model and that of the binary 80 um image is obtained. Bone tissues were represented to equally shaped represented 8-node brick elements (Fig. 1) . To solve the FE-problems for the hexahedron models a commercial software ANSYS 9.0 (ANSYS, Inc) was used. For all models, the element material properties were considered to be isotropic, linear elastic, and uniform with a tissue Young's modulus of 10 Gpa and a tissue Poisson's ratio of 0.3. Boundary conditions of the FE model were applied to represent the situation in a compressive-test setup with a 1%-strain level, in which at the bottom face the displacements in the vertical direction were constrained, but all other faces of the cube were unconstrained. This case simulates a compression test on the cube, with zero friction between the test platens and the bone. The apparent Young's modulus in the vertical direction for the hexahedron models as a whole was calculated from the formula Ez= Ùz/ z, where Ùz is the apparent stress and z the apparent strain in the z-direction. Relationships between the Young's modulus and trabecular structure parameters were assessed using linear regression analysis and a step-wise multiple-regression. The determination coefficients (r²) were used to express the proportional variation due to linear or multiple regressions. A p value <0.05 was considered to be significant. Linear regression analysis showed that BV/TV can explain 76% of the variance of Young's modulus, respectively (r²=0.76, Table 1 ). Table 3 The determination coefficients r² obtained from stepwise multiple-regression analyses indicating the effect of combination of three structural indices on predicting Young's modulus. The ability to explain the variance of Young's modulus is improved by combining the structural indices with each other (Table 3 ). The best prediction of Young modulus is found in the combination of SMI, Tb.N and Tb.Th (r²=0.80).
Discussion
It is generally accepted that the mechanical strength of bone tissue depends on both bone mass and bone quality. The data show that in addition to BV/TV, the structural parameters correlate
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Advanced Nondestructive Evaluation I significantly with Young's modulus. SMI was the best predictor for Young's modulus (r²=0.51), followed by Tb.Sp and Tb.N (r²=0.42 and r²=0.39). SMI represents the ratio of plate-and rod-like structures. With aging and osteoporosis, plate-like trabeculae are perforated towards a rod-like structure and some trabeculae are lost, resulting in reduction of bone mass and structural changes. These changes may cause a loss in mechanical strength. In our study, Tb.Th alone accounts for only a relatively small amount of the variation of Young's modulus, only 16%. It is intriguing to speculate that when bone structure deteriorates later in life due to loss of bone mass, compensatory mechanisms try to maintain bone strength by increasing trabecular thickness. This is an important mechanism for bone adaptation to mechanical loading. DOA is an index reflecting the orientation of trabecular bone, isotropy or anisotropy. The results of this study show that DOA alone accounts for a relatively small amount of the variation of Young's modulus, only 20% in the local intertrochanteric region. There are some divergences from other studies for the femoral head [9] and tibia [10] . We believe that these divergences are due to the fact that the intertrochanteric area undergoes different loads, unlike the femoral head and tibia. However, once Tb.Th and DOA is supplemented with BV/TV, or are combined with other structural indices, their abilities to explain Young's modulus are clearly improved. Moreover, the best prediction of the Young modulus is found in the combination of the SMI, Tb.N and Tb.Th (r²=0.80). Thus the SMI, Tb.N and Tb.Th combined are very important structural parameters in determining the biomechanical properties of the intertrochanteric region. In conclusion, a high-resolution imaging technique in combination with new computer modeling techniques is a useful tool to provide insight into the structure-function relationship for trabecular bone. A combination of microstructural parameters with each could provide the best prediction of mechanical property of cancellous bone in the intertrochanteric region. Therefore, in addition to bone quantity measurement, assessment of bone microarchitecture should be added as regards detection of osteoporosis and evaluation of the efficacy of drug treatments for osteoporosis.
